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Abstract. Obsenationsby the Polarsatelliteof large Poynting flux in the plasma
sheetboundarylayer at geocentricdistancesf 4 to 6 Rp andbetween22 and

3 hrs magneticlocal time were correlatedwith H-bay signaturedrom ground
magnetometerecords. We provide evidencethat large Poynting fluxes occur
during the substormexpansionphase.The Poynting fluxesexceededL ergs/cnts
(125 emgs/cnts when mappedto 100 km), were dominantly directedtoward
the ionosphereand were associatedvith Alfv én waves. Theseobsenations
demonstratéhe importanceof Alfv énwave power asa meansof enegy transport
from the distantmagnetotaito the ionospheraduring the mostdynamicphaseof

substorms.

Intr oduction

A magnetosphericubstormis a transientprocessthat
leadsto a reconfigurationof the magnetotail. Besiderelo-
cation of plasma,it involvesthe flow of large amountsof
enegy in the magnetotail. Considerableamountsof this
enegy are eventuallydepositedn the ionosphere.An im-
portant topic in understandingsubstormdynamicsis the
transportof thatenepgy. Thereareseveralforms of enegy
transferprocessebetweerthemagnetospherandtheiono-
sphereparticletransportstaticfield-alignedcurrent FAC)
andAlfv énwaves.A comparisorof theseformsduringtwo
Polarplasmasheetcrossingsat geocentriadistancef 4 to
6 Rg werepresentedn arecentPolarstudyby Wygant et
al. [2000]. It wasshawvn thatthe contribution to thetotal en-
emy flux atthesealtitudesfrom Alfv énicPoynting flux (1-2
ergs/cnts) was comparableto or larger than the contribu-
tion from particleenegy flux and1 to 2 ordersof magnitude
largerthanthatestimatedrom steadystatecorvectionelec-
tric fieldsandFAC. It wasalsoshawn thatthe large Alfv én
wave power occurredon field lines that were magnetically
conjugateto regionsof strongenegy depositionby auroral
electrondn theionosphere.

Most reportedobsenationsof Poynting flux have been
madebelov the auroralacceleratiorregion [e.g. Kelley et
al.,1991;Louarnetal., 1994;Nagatsuma et al., 1996;Kletz-
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ing et al., 1996]. At the satellite/rocletlocations the Poynt-
ing flux reachedvaluesof several ergs/cnts. It is proba-
ble thatthesevaluesaresmallerthanhigh-altitudePoynting
flux (aftermappingto a referencealtitude)dueto processes
in the auroralacceleratiorregion (suchas particle acceler
ation andwave dispersion)which dissipateelectromagnetic
enegy. Thesepreviousstudiesdid not correlatetheir obser
vationswith substormphases.The first obsenation of in-
tensePoynting flux in associatiorwith substormonsetwas
by Maynard et al. [1996] nearthe inner edgeof the plasma
sheet.

A region of greatimportanceto auroralsubstornphysics
is the plasmasheetboundarylayer (PSBL) [Eastman et al.,
1984]. It is located betweenthe tail lobes and the cen-
tral plasmasheefCPS),connectinghe auroralacceleration
region with the distanttail where reconnectionprocesses
have beeninvoked [e.g. Baker et al., 1996, andreferences
therein]. Althoughit hasbheendemonstratethatthePSBLis
akey regionin thecreationof theauroraijts full significance
is still not known. Polars orbit allows the investigationof
enegy flow in the plasmasheetat geocentricdistancesof
410 6 Rg, which is intermediatebetweenthe distantmag-
netotailandthe auroralacceleratiomegion. In addition,the
Polarspacecrafprovidesthefirst 3-D measurementsf the
electricfield at high-altitudeon plasmasheetauroralfield
lines.

In this paper we provide evidencethat large Poynting
fluxesassociatedvith Alfv énwavesin the PSBL at high al-
titudesoccurduring timesof rapid changesn the H (or X)
componentbof groundmagnetometedata. Theseobsena-
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tions demonstratehe importanceof Alfv énwave power as
ameansof enegy transportfrom the magnetotaito the au-
roral acceleratiorregion during the mostdynamicphaseof
auroralsubstormslt alsodemonstratethatthe PSBL plays
averyimportantrole asaregionthatcarriesthisenegy flux.

Data analysis

For this study we incorporatedatafrom the UC Berke-
ley Electric Field Instrument[Harvey et al., 1995], the
UCLA FluxgateMagnetometefRussell et al., 1995], and
the University of lowa Hydra Plasmalnstrument| Scudder
et al., 1995]. We utilized all threecomponentg6 second
averaged)of the electric and magneticfield vectors. Hy-
drameasurementsf electronandion enegy flux at 13.8-
secondime resolutionin theenegy rangefrom 12eVto 18
keV wereutilized. Grounddatafrom differentmagnetome-
terarray§ CANOPUS MACCS,IMA GE,210MM [Yumoto,
1996])werealsoused.

Thedatafor this studywereobtainedasthePolarsatellite
crossedhelobe-PSBLinterfaceat geocentriaistance®f 4
to 6 Rg. Electric and magneticfield measurementsere
usedto calculatethe associatedPoynting flux. In addition,
for eachcrossingwe identifieda groundstationthatwasin
the generalproximity of Polars magneticfootpoint. The
grounddatawere usedto establisha relationshipbetween
the high-altitude Poynting flux obsenationsand substorm
phases.Only the unfilteredH or X component depending
on which magnetometechainwasused- is presentedbe-
causseit is this componenivhich respondsnoststronglyto
the substormauroralelectrojet.This components routinely
usedasanindicatorof substornonset/intensification.

Figure 1 presentsone lobe-PSBL crossing(5/23/1996)
by Polarin more detail to illustrate the analysistechnique.
Thetop panelshons the E, componenbf the electricfield
which points northward (approximatelyalong GSE z) and
is approximatelyperpendiculato the nominalplasmasheet
boundary The secondpanelshows the eastvard perturba-
tion of the magneticfield. This componentlies approxi-
matelyin the planeof the nominal plasmasheetboundary
Notethatboththe electricandmagneticfield datawerede-
trendedn orderto shav thesmallerscaleperturbationsThe
detrendingwas doneby subtractinga 3-min running aver-
agefrom the original data. The third panelshows the field-
alignedPoynting flux calculatedrom thethreecomponents
of the perturbationelectricfield and the threecomponents
of the perturbationmagneticfield. The calculatedPoynt-
ing flux vectorwasthenprojectedontothe averagemagnetic
field direction,calculatedrom the measureanagneticfield
vectoraveragedover 3 minutes. The lasttwo panelsshov
theenepgy spectraof ionsandelectrons.
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Figure 1. Measurementdrom the Polar satellite on

5/23/1996during a lobe-PSBLcrossing. The panelsshaw,

from top to bottom, the electric field componentapproxi-
mately normalto the plane of the plasmasheetboundary
the east-westomponenbf the magneticfield (modelsub-
tracted),the Poynting flux componentalong the magnetic
field, andenegy-timespectrogramsf ionsandelectrons.
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Figure 2. Distribution of electricfield eventsasa function
of invariantlatitude (ILAT) andmagneticlocal time (MLT)
for valuesof the electricfield largerthan100 mV/m (mod-
ified from K1). The spacecraftocationsfor the five events
presentedh this studyareindicatedby stars.

Polar enteredthe PSBL, identified from Hydra particle
data(sharpflux increaseof ionsandelectronsfrom thelobe
at~00:37UT atageocentridistanceof ~5.84 Rg. Imme-
diately adjacentto the lobe-PSBLinterface,Polarencoun-
teredlarge electricandmagnetidield fluctuationswith peak
valuesof 220 mV/m and 20 nT, respectiely. The electric
andmagneticfieldswerevery similar in waveform. Thera-
tio of the peakelectricandmagneticfield signalsis 11,000
km/s. Thisis comparableo thelocal Alfv énspeedf 14,000
km/sdeterminedrom in situ plasmaparameterssuggesting
thatthesdieldsweretheperturbatiorfieldsof Alfv énwaves.
StrongPoynting flux (exceedingamplitudesof 2 ergs/cnts),
directedtowardsthe Earthwasassociateavith theseAlfv én
waves(third panel).Thescalein thispanelshavs boththein
situ value of Poynting flux andits valuemappedo 100 km
altitude. The Poynting flux waslargestnearthe lobe-PSBL
interface. Preliminaryresultsof a study(in process)jnves-
tigatingthe phasingof the electricandmagnetiovave fields,
indicatethe presencef frequeny componentsvhich have
reflectedoff at altitudesbelow the satellite,but asshovn in
the third panel,the earthvard propagatingcomponentsy
fardominateoverthereflectedones.

In thenext section this andfour otherlarge Poynting flux
eventsarecomparedo groundmagnetidield obsenations.

Conjugate Study

A suney of two yearsof Polarelectricfield databy Keil-
ing et al. [2000], hereafterK1, yielded 24 very large am-
plitude electricfield events(largerthan100 mV/m). These
fieldswereperpendiculato the ambientmagneticfield and

alsoapproximatelyperpendiculato theplasmasheebound-
ary. The majority of events (~85%) occurredinside the
PSBL. Figure 2 shaws the distribution of theseeventsin
ILAT and MLT. In a temporalcomparisonof 14 eventsto
magnetogramef magneticallyconjugategroundstationst
wasfoundthattheeventsoccurredn closetemporalproxim-
ity to substormonset.In the study presentedherein,Poynt-
ing fluxeswerecalculatedor five of theseevents(indicated
in Figure 2 by stars). Theseeventswere selectecbecause
they show well-correlatecelectricandmagnetigerturbation
fields(c.f. Figurel). The perturbatiorfieldswereobtained
by subtractingeithera 1-min or 3-min runningaverage(de-
pendingon the scalesize of large-scalebackgroundields)
from the original data. The ratios, rangingbetween8,000
and 11,000km/s, and the phasingfor the five eventswere
consistentwith Alfv én waves, so that a calculationof the
Alfv énic contritution to the Poynting flux was unambigu-
ous.This conclusions basedn thedetailedanalysisof two
events(5/1/97,5/9/97) by Wygant et al. [2000] andresults
presentedhere.An analysisof the othereventsfrom K1 will
be presentedn a later paper Preliminaryresultsalsoshav
large parallel,downward Poynting flux in conjunctionwith
the substormexpansionphasefor the majority of events. A
separatiorof the Alfv énic contribution, however, requires
additionalinvestigationshbecaus¢hewaveformsof theelec-
tric andmagneticfield signalsseemto be relatedin a more
complicatedwvay.

Thefive eventspresentedn this studyoccurredduringa
variety of geomagneticonditions:strongsubstormg>500
nT), weak substorms(<150 nT), isolated substorms,and
multiple intensifications.Figure 3 shavs the Poynting flux
(redline) alongtheambientaveragemagnetidield direction
at Polars location overlaid on ground magnetometedata
(blackline) from magneticallyconjugategroundstationsto
shav the temporalrelationshipbetweenthe two quantities.
Eachpanelin Figure3 showvs a differentsubstormThesub-
storm onsets/intensificationare identifiablein the magne-
togramsby strongnegative excursionsof theH (or X) com-
ponent. The magnetogranat Gillam (first panel)showvs a
negative 300-nTmagnetichay betweerb.3and6.1 UT. The
expansiorphasdasteduntil 5.7UT, andwasassociatewith
a strongPi 2 pulsationtrain. During the expansionphase,
PolarmeasuredtrongPoynting flux pulsesdirecteddown-
ward towardsthe ionospherewhich coincidedwith Polar
enteringhePSBLfromthelobe(notshavn). At thetimesof
large Poynting flux occurrencepPolars magneticfootpoint
waswestandnorth of Gillam by 0.5hrs MLT and5° ILAT,
respectiely.

Theeventsshovn in theremainingfour panelsof Figure3
shaw similargoodcorrelationdbetweerstrongPoynting flux
at Polar’s location and the expansion/intensificatiophase
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Figure 3. Temporal comparisonof in-situ field-aligned
Poyntingflux (redline) measuredby Polarandgroundsigna-
turesof H-bays(blacklines). The Poynting flux component
shawn is parallelto the averagebackgroundnagneticfield.
ThePoynting flux scaleshavsin situvalues.Positive values
indicatedirectionsdownward, towardsthe ionosphereThe
relative separatiobetweerPolars footpointandthe ground
stationds givenasAMLT andAILAT.
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determinedrom groundmagnetogramsThe relative sepa-
rationsbetweenPolar's magneticfootpointandthe ground
stationds givenasAMLT andAILAT. Polarslocationsfor
the five eventsrangedbetweend.6 and5.8 Rg, and22 and
3 hrsMLT. At thetimesof largestPoynting flux occurrence,
the satellitewasin the PSBL at or very nearits polewvard
edge. The fact that we presentonly strongPoynting flux
events,that occurredinside the PSBL, shouldnot be taken
to imply thatstrongPoynting fluxesdo not occurdeepeiin-
sidethe plasmasheet.Indeed K1 reportedarge perpendic-
ular electricfield events,thatoccurredin the CPS.A study
of the natureof thesefields insidethe CPSin comparison
to obsenationsin the PSBL s in process.The peakAlfv én
wave power for all five eventsrangedbetween0.8 and2.5
ergs/cnts. In four events,the net Poynting flux wasdomi-
nantlydirectedtowardsthenortherrhemispheréonosphere.
OneeventshavedlargeincidentandreflectedAlfv énwave
power with similar amplitudes.Theimportantresultto ob-
sene hereis thatthelargestPoynting fluxesoccurredduring
timesof rapidchangen theH (or X) componentThistime
correspondso the mostdynamicphaseof substorms.The
reasonwhy Polar obsened intensePoynting flux only for
se/eral minuteswhile the expansionphaselastedfor up to
20 minutes,is mostlikely a spatialeffect. A simpleexpla-
nationwould be thatthe Poynting flux is confinedto a thin
layer, which is only crossedby the satellitefor a period of
severalminutesin thespacecrafframedueto therelative ve-
locities betweerPolar(moving at 1-2 km/s) andthe plasma
sheet,which canexpandat muchlarger velocitiesthanthe
spacecraftelocities. This canalsoexplain why Polardoes
notencountetarge Poynting flux duringevery substormex-
pansionphase.

Conclusions

In orderto understangubstorndynamicsijt is necessary
to understandheflow of enegyin themagnetotailWe have
provided evidencefor 5 substormshat large Alfv én wave
powerin the PSBLat geocentriadistance®f 4 to 6 Rg was
directly linkedto the expansionphase We presentedn-situ
Poynting flux andgroundmagneticfield datafor thesefive
events. Althoughthereis uncertaintyin obtainingthe exact
time of substormonsetusinga singlegroundstation,thisis
not critical for our results,which dependonly on substorm
phasesin 4 out of 5 events,the by far dominantflow direc-
tion wasinto theionosphereOneeventshovedbothstrong
incidentandreflectechower. ThePoyntingflux for all events
wasdominantlyassociatedvith north-southpolarizedelec-
tric fieldswhenmappedo theionosphereTheonly otherin-
tenseAlfv énicPoynting flux obsenationsin themagnetotail
associateavith substormonsetweredescribecdoy Maynard
et al. [1996], who examinedeventsnearthe inner edgeof
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the plasmasheetwhich hadlarge dowvnward Poynting flux
into the ionospheradue to dusk-davn electricfields. They
arguedthat this Poynting flux was part of establishingthe
field-alignedcurrentof the substormcurrentwedge.

The peak Alfv én wave power for the events presented
hererangedbetween0.8 and 2.5 ergs/cnts, corresponding
to Poynting fluxesof 100 and 315 ergs/cn?s whenmapped
to 100 km altitude. This Poynting flux exceedsthe enegy
flux necessaryo power very intenseaurorag Wygant et al.,
2000]. SincePolarmakesonly single point measurements,
we cannotinfer the total enegy flow associatedvith these
events. Neverthelesstheseobsenationsaresuggestie that
Alfv énwaves play animportantrole during the enegy re-
leaseof storedmagneticfield enegy in the magnetotailat
times of substormexpansion. Theoreticalmodelsof sub-
stormswill have to shav thesewavesor they aremissinga
key pieceof the physics. Furthermoreijt is shavn thatthe
PSBL canbe carrierof the electromagnetienegy flux as-
sociatedwith Alfv énwaves.
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